Objective Atrial tachyarrhythmias (ATAs) lead to clinical deterioration and worsening heart failure (HF) in patients with acute decompensated HF (ADHF). We evaluated the effects of the ultrashort-acting intravenous β1-blocker landiolol on the heart rate, hemodynamics, and outcome in patients with ATAs and ADHF. Methods A total of 67 consecutive hospitalized patients with ATAs and ADHF who were treated with landiolol (36 males, 67 ± 12 years) were included in this single-center retrospective study. The primary endpoints were changes in heart rate and systolic blood pressure from baseline during intravenous landiolol administration. The secondary endpoints included restoration of sinus rhythm and outcomes. Results The median maintenance dose of intravenous landiolol was 3.0 (range 1.0-12.0) μg/kg/min and the median treatment duration was 5 (range 1-24) days. Intravenous landiolol reduced heart rate (141 ± 17 beats/min at baseline to 99 ± 20 beats/ min at 6 h, P < 0.001) without a marked reduction in blood pressure or deterioration of HF. During landiolol treatment, 15 (22%) patients had spontaneously restored sinus rhythm. Eight patients experienced in-hospital death, and 41 (69%) were discharged with sinus rhythm. During the follow-up of 16 ± 12 months, patients with sinus rhythm showed a lower frequency of rehospitalization due to worsening HF than patients with ATAs (5/41 vs. 7/18, P = 0.019). Conclusions Our results showed that intravenous landiolol reduces the heart rate without markedly decreasing blood pressure in patients with ATAs and ADHF. Approximately 70% of the discharged patients were in sinus rhythm, and these patients showed a lower frequency of rehospitalization due to worsening HF (UMIN-CTR no. UMIN000033650). 
Introduction
Atrial tachyarrhythmias (ATAs), including atrial fibrillation, atrial flutter and fast atrial tachycardia, frequently occur in patients with heart failure (HF) [1] [2] [3] [4] . It is recognized that ATAs lead to clinical deterioration and worsen HF [5] [6] [7] . ATAs also increase the risk of mortality and morbidity in patients with HF, particularly in those with advanced HF [8] [9] [10] [11] . The development of ATAs causes an uncontrolled heart rate with a shortened filling time and provocation of tachycardia-induced cardiomyopathy; an absent atrial kick and irregular ventricular rhythm lead to decreased cardiac output and consequently worsened HF [5] [6] [7] .
Therefore, the conversion and prevention of ATAs are important in the management of HF. Electrical cardioversion for persistent ATAs during critical illness is effective for restoring sinus rhythm; however, it often requires multiple attempts and is associated with a high recurrence among patients in whom initial cardioversion is successful [12] . If electrical cardioversion fails to restore sinus rhythm, the management of these patients remains challenging. Current European Society of Cardiology (ESC) guidelines recommend that intravenous digoxin or amiodarone should be administered to address a slow ventricular rate in patients with rapid ATAs and HF during hemodynamic instability [13] . However, the actions of these drugs are often delayed due to their pharmacokinetic properties.
Landiolol is an ultrashort-acting intravenous β1-blocker that was developed and has been used in Japan for the treatment of ATAs and is currently available in Europe [14] [15] [16] . Landiolol shows a very high cardioselectivity [17] that is 8-to 12-fold greater than that of esmolol [15, 16] . In addition, landiolol exhibits a less negative inotropic effect and a lower reduction of blood pressure than esmolol in rabbits [18] . The pharmacokinetic properties of landiolol indicate that it is rapidly metabolized in plasma by pseudocholinesterase and has a very short elimination half-life of approximately 4 min [15, 16] . Recently, landiolol has been reported to be useful for heart rate control in AF patients with HF or reduced left ventricular (LV) systolic dysfunction [19] . However, the effect of landiolol on ATAs complicated with acute decompensated HF (ADHF) has not yet been established. The aim of this study was to evaluate the effects of intravenous landiolol on the heart rate, hemodynamics, and outcome in patients with ATAs and ADHF.
Methods

Patients
A total of 67 consecutive patients with ATAs who were admitted to Tokyo Women's Medical University Hospital due to ADHF and treated with landiolol from May 2014 to December 2017 were retrospectively included in this analysis. This study was approved by the Institutional Rview Board of Tokyo Women's Medical University.
Data Collection
To identify patients who had been administered intravenous landiolol, we first searched automated inpatient accounting databases. We subsequently confirmed that the patients had a diagnosis of ATAs and ADHF by examining the electronic patient medical records.
ADHF included de novo HF (in the absence of a prior history of HF) and worsening HF (if a previous decompensation or hospitalization for HF was documented). ADHF was defined as the appearance of new or progressive symptoms and signs of decompensated HF, such as significant weight gain, dyspnea, fatigue, pulmonary rales, hepatic congestion, and lower extremity edema, and the unplanned addition of oral or intravenous loop diuretic drugs, an increased dose of oral loop diuretics, the addition of a thiazide diuretic drug to loop diuretics, or the need for treatment with intravenous vasodilators, intravenous inotropes, or intra-aortic balloon pumping.
Data on patient age, sex, traditional risk factors, underlying disease, and concomitant medications were obtained from electronic medical records and laboratory data. Valvular heart diseases were defined according to angiographic, hemodynamic, or echocardiographic findings or the history of valvular surgery. Valvular regurgitation was defined as valvular disease when we identified greater than moderate regurgitation on color-flow Doppler echocardiography. Coronary artery disease was defined as positive stress test findings, coronary angiography, or coronary computed tomography angiography demonstrating stenosis of at least 75%, a history of prior myocardial infarction, or a history of revascularization procedures. Nonischemic cardiomyopathies were defined as ventricular myocardial abnormalities in the absence of coronary artery disease or valvular, pericardial, or congenital heart disease. Tachycardia-induced cardiomyopathy was defined as the presence of no other cause of nonischemic cardiomyopathy, no LV hypertrophy, relatively normal LV dimensions, and the recovery of LV function after the control of tachycardia within 1-6 months [20] . The CHADS 2 score (cardiac failure, hypertension, age ≥ 75 years, diabetes, and previous stroke or transient ischemic attack) was used to measure stroke risk.
Echocardiography was performed on admission for all patients and was also performed in patients for whom cardiac function assessment was required during landiolol therapy. Echocardiographic data were obtained by an independent investigator (K.A.) who was blinded to the patients' data. The LV end-diastolic volume and LV end-systolic volume were measured in apical two-and four-chamber views. From these results, the LV ejection fraction (LVEF) was calculated using the biplane Simpson method. The cardiac chamber dimension on the M-mode echocardiogram was used to measure the LV end-diastolic dimension, LV endsystolic dimension, and left atrial dimension.
After hospital discharge, the patients were observed as outpatients at our hospital or their general practitioner's clinic at 1-to 3-month intervals. The patients were followed until death from any cause, loss to follow-up, or June 2018. Information regarding deceased patients was obtained from medical records, family members, the patients' general practitioners, and the hospitals to which the patients had been admitted.
Drug Dosing
In our hospital, landiolol diluted with 5% glucose was administered continuously at an initial dosage of 1.0 μg/kg/ min for 1 min, followed by an infusion that was titrated from 1.0 to 10.0 μg/kg/min until the target heart rate was less than 100 beats/min according to the recommendations of the ESC guidelines [13] , and heart rate and blood pressure were monitored. The drug was then administered continuously at the maximum tolerable dose for each patient as a maintenance dose. Continuous electrocardiogram (ECG) monitoring was used during landiolol therapy. Blood pressure was measured frequently, particularly during the dose titration period. Blood pressure was measured automatically (BP8800SF, Omron Colin Co., Ltd., Tokyo, Japan) at approximately 6, 12, and 24 h after the start of the continuous infusion of landiolol. If drug-related adverse events, such as excessive bradycardia and hypotension occurred, the landiolol dose was reduced or treatment was discontinued.
When landiolol treatment did not result in an adequate response in terms of the cardiac status, additional procedures such as cardioversion were performed at the physician's discretion.
Endpoints
The primary endpoints were changes in heart rate and systolic blood pressure from baseline during intravenous landiolol infusion. Secondary endpoints were the restoration of sinus rhythm and clinical outcome. We also assessed adverse events such as hypotension (defined as a systolic blood pressure of < 90 mmHg), bradycardia of < 40 beats/min, ventricular tachyarrhythmias, or any other adverse events requiring the discontinuation of landiolol therapy.
Statistical Analysis
Data are presented as means and standard deviations or medians with ranges or frequencies. Student's t-test was used to assess differences between continuous variables. Categorical variables are reported as the observed number of patients (percentages) and were analyzed by either the chi-square test or Fisher's exact test, as appropriate. Heart rate and systolic blood pressure during landiolol therapy were compared to the baseline level of each parameter using two-way analysis of variance (ANOVA) for repeated measurements followed by the Bonferroni post hoc test. A two-sided P value of < 0.05 was considered to indicate significance throughout the analyses. All statistical analyses were performed with JMP Pro software, version 12.1.0 (SAS Institute, Cary, NC, USA).
Results
Patient Characteristics
The clinical characteristics of the patients are summarized in Table 1 . The mean age was 67 ± 12 years, and 36 patients were male. The mean heart rate was 141 ± 17 beats/min, and 40 patients were in New York Heart Association functional class III/IV. The mean LVEF was 41 ± 13%. Three patients received a concomitant administration of intravenous dobutamine and three patients received intra-aortic balloon pumping. The median maintenance dose of intravenous landiolol was 3.0 (1.0-12.0) μg/kg/min, and the median treatment duration of intravenous landiolol was 5 (1-24) days. The median time from the start of landiolol therapy to attaining the median maintenance dose was 6 (0-30) h. Figure 1 shows the changes in heart rate and systolic blood pressure from baseline in 67 patients during intravenous treatment with landiolol. Two-way repeated-measures ANOVA indicated that the heart rate significantly decreased during intravenous landiolol treatment compared to the baseline (P < 0.001). The heart rate significantly decreased after the start of intravenous landiolol treatment (141 ± 17 beats/min at baseline to 99 ± 20 beats/min at 6 h, P < 0.001), and this effect persisted throughout intravenous landiolol treatment. The systolic blood pressure did not significantly decrease during intravenous landiolol treatment compared to the baseline as determined via two-way repeated-measures ANOVA. In particular, in four patients with severe systolic dysfunction (LVEF ≤ 30%), intravenous landiolol treatment (maintenance dose range 1.0-10.0 μg/kg/min) did not decrease the blood pressure or LVEF (Table 2) . Among our patients, there were no significant differences in the maintenance dose of landiolol between the ADHF patients with LVEF ≥ 40% (n = 41) and those with LVEF < 40% (n = 26) (median maintenance dose: 3.0 (2.0-6.0) μg/kg/min vs. 4.0 (2.8-8.0) μg/kg/min, respectively). However, there was a greater decrease in the achieved heart rate in the patients with LVEF ≥ 40% than those with LVEF < 40% (79 ± 16 beats/min vs. 88 ± 14 beats/ min, respectively, P = 0.017).
Heart Rate and Blood Pressure During Landiolol Treatment
Outcome
The clinical outcomes during and after intravenous landiolol infusion are shown in Fig. 2 . Of the 67 patients who started intravenous landiolol, sinus rhythm was restored spontaneously in 15 (22%) patients and by electrical or pharmacological cardioversion in five patients during treatment with intravenous landiolol. Furthermore, sinus rhythm was restored in 22 patients who exhibited persistent ATAs using additional rhythm control treatments, such as oral amiodarone and catheter ablation after landiolol treatment. Eight patients experienced in-hospital death. Forty-one (69%) of the 59 patients who were alive at discharge were in sinus rhythm. For the remaining 18 patients with persistent ATAs, β-blockers and digoxin were added as a rate control treatment (Table 3) .
During the follow-up period of 16 ± 12 months, four patients died, and 12 patients experienced rehospitalization due to worsening HF after hospital discharge. Rehospitalization due to worsening HF occurred less frequently in patients who were discharged with sinus rhythm than in those discharged with ATAs (5/41 vs. 7/18, P = 0.019) ( Table 4) . Of the 41 patients with sinus rhythm at discharge, 24 (59%) patients experienced a recurrence of ATAs after discharge. Three of the 24 patients who experienced recurrent ATAs and two of the 17 patients without recurrent ATAs were rehospitalized due to worsening HF.
Adverse Effects
Landiolol treatment was discontinued in three patients because of the following adverse effects: hypotension in two patients (1.0 and 3.0 μg/kg/min) and liver dysfunction in one patient (1.5 μg/kg/min).
Discussion
Our study in 67 patients with ATAs and ADHF who were treated with intravenous landiolol had the following findings: (1) intravenous landiolol reduced the heart rate without markedly reducing blood pressure or leading to a deterioration in HF or cardiac function, (2) sinus rhythm was spontaneously restored in 15 (22%) patients during landiolol treatment, (3) patients with an LVEF of ≥ 40% showed a greater decrease in heart rate than those with an LVEF of < 40% despite a similar dose of landiolol, (4) approximately 70% of the discharged patients were in sinus rhythm, and (5) several landiolol-related adverse effects, such as hypotension, were observed.
Rate Control in the Acute Setting
In the acute setting of HF with rapid ATAs, β-blockers are useful for rate reduction and are preferred over digoxin due to their effectiveness in the setting of high sympathetic tone [9] . The use of β-blockers clearly requires an incremental dosage to achieve a heart rate that balances the need for rate control with other hemodynamic parameters [9] . Β-Blockers have negative inotropic and blood pressure-lowering effects and are thus of limited use, especially when administered intravenously, in ADHF patients with reduced LV systolic function and/or low blood pressure. In our study, the maintenance dose of landiolol was attained at a median of 6 h after the start of treatment and significantly reduced the heart rate without markedly reducing blood pressure. Landiolol has high cardioselectivity and exhibits a higher heart rate-lowering potency and a slightly more potent negative chronotropic effect with a less potent negative inotropic effect than esmolol [14] . The effect of landiolol appears early after the initiation of treatment and rapidly stabilizes because of its pharmacokinetic properties, such as its relatively small volume of distribution and short elimination time.
Kobayashi et al. reported that low doses (1.0-2.0 μg/ kg/min) of intravenous landiolol reduced the heart rate while maintaining blood pressure in patients with rapid atrial fibrillation and ADHF without adverse events, such as hypotension or HF deterioration [21] . In addition, Adachi et al. reported that intravenous landiolol significantly reduced the heart rate during ATAs in patients with ADHF and a low LVEF despite the frequent concomitant use of intravenous inotropic drugs [22] . Of our patients, three received concomitant administration of intravenous dobutamine, and three received intra-aortic balloon pumping while their heart rates were reduced during landiolol therapy without leading to a marked reduction in blood pressure.
LVEF ≥ 40% Versus LVEF < 40%
The ESC guidelines state that the drug choice for acute heart rate control in AF depends on the LVEF; β-blockers are the first-line treatment for patients with an LVEF of ≥ 40% or < 40% [13] . Our patients with ATAs and ADHF included 24 patients with an LVEF of ≥ 40%. In our study, there was a greater decrease in heart rate in patients with an LVEF of ≥ 40% than in those with an LVEF of < 40% despite a similar maintenance dose of landiolol. Kobayashi et al. reported that HF patients with an LVEF of < 50% experienced a greater decrease in the heart rate than HF patients with an LVEF of ≥ 50% 1-2 h after the start of landiolol treatment, although there was no difference at later time points [21] . Ozaki et al. reported that HF patients with an LVEF of ≥ 40% showed a greater decrease in heart rate than HF patients with an LVEF of < 40% after the start of a similar dose of landiolol [23] . Patients with an LVEF of ≥ 40% are more likely to experience the heart rate-lowering effect of landiolol than those with an LVEF of < 40%. Particularly in patients with severe LV systolic dysfunction (LVEF ≤ 30%) and an inherent increased risk of adverse cardiac events and mortality, landiolol therapy could be continued without hemodynamic worsening, and the LVEF values of these patients were subsequently improved after landiolol therapy.
However, it may be important to characterize LV systolic function when initiating landiolol treatment [19] . Wada et al. reported that an extremely low LVEF (< 25%) was a predictor of inadequate heart-rate lowering during landiolol therapy and was associated with the development of adverse events, such as hypotension [24] . 
Outcomes
Landiolol has a role in reliably lowering the heart rate and improving hemodynamics and the condition of ADHF. As a result, 22% of the patients exhibited a spontaneously restored sinus rhythm, and when defibrillation was added, 42 of the 67 patients showed a restored sinus rhythm during hospitalization. In HF patients, sympathetic activity is increased, and the stimulation of β-adrenergic receptors alters the activity of several ion channels and transporters and leads to arrhythmogenesis related to cardiomyocyte Ca 2+ handling [25, 26] . Β-Blockers operate through multiple antiarrhythmic mechanisms via changes in action potentials or membrane currents induced by the suppression of various ion channels. Landiolol may be effective in treating ATAs caused by an increased sympathetic drive in HF.
After landiolol therapy, further enhancements to the basic therapy for HF, such as the use of β-blockers and renin-angiotensin-system inhibitors, pharmacological or electrical cardioversion, and additional rhythm control strategies, such as oral amiodarone administration and catheter ablation, were provided. Forty-one (69%) of the 59 patients who were alive at discharge were in sinus rhythm. Of these patients, 24 (59%) patients experienced a recurrence of ATAs after discharge. However, since there was no difference in the incidence of rehospitalization due to worsening HF between patients with and without recurrent ATAs (3/24 vs. 2/17), recurrent AF might not be associated with a poorer prognosis of patients with recurrent ATAs. In patients with ATAs and ADHF, the restoration of sinus rhythm improves hemodynamics and cardiac function, and additional therapy for the restoration and preservation of sinus rhythm may lead to the prevention of HF exacerbation and the subsequent improvement in prognosis.
In the acute setting, there is a high recurrence in patients in whom initial cardioversion is successful [12] . In this situation, landiolol may be useful as the first-line therapy for improving the hemodynamic status by lowering the heart rate. After the cardiac status is stabilized, subsequent cardioversion and rhythm control therapy, such as catheter ablation, will be effective, although sinus rhythm cannot be restored during landiolol treatment. Of our patients who were alive at discharge, approximately 70% were in sinus rhythm; these patients showed a lower frequency of subsequent rehospitalization due to worsening HF. The restoration of sinus rhythm is essentially related to prognosis in patients after discharge. However, it is difficult to restore and maintain sinus rhythm in patients with deteriorated hemodynamics. It is necessary to stabilize hemodynamics by rapidly controlling the rate of ATAs in ADHF. Landiolol may reliably lower the heart rate during ATAs in ADHF patients without the deterioration of hemodynamics.
Patients with ATAs and ADHF often have a concomitant systemic illness, such as an infectious disease. Among our patients, more than half of the deaths that occurred were from non-cardiac causes. In these cases, the treatment of ATAs and HF does not necessarily improve the prognosis; however, it may contribute to stabilizing the circulation.
Adverse Effects
Wada et al. reported that hypotension was often observed (in approximately 10% of cases) as an adverse effect in patients with arrhythmia who received intravenous landiolol, and that hypotension was associated with a lower LVEF [24] . In our study, two patients experienced hypotension during therapy; however, their blood pressure recovered after the discontinuation of landiolol. During the use of landiolol, blood pressure should be carefully monitored in patients with low blood pressure or a low LVEF. Therefore, landiolol is useful as a rate control treatment for rapid ATAs in the acute setting of ADHF.
Study Limitations
There are several limitations in this study. First, this study was a single-center non-comparative, retrospective observational study. Therefore, treatment bias existed. We could not evaluate the relationship between the recurrence of ATAs and the outcome. It is difficult to obtain the exact time to the recurrence of ATAs or the frequency of ATAs based on the patient's symptoms and routine ECGs in clinical practice. Second, landiolol has been used only in Japan for 15 years, and the generalizability of our results to Japanese patients is limited to clinical practice in Europe and other countries. Third, the clinical characteristics of the subjects varied, and the number of subjects was small. Therefore, a subgroup analysis was not feasible.
Conclusions
Our results showed that intravenous landiolol reduced the heart rate without markedly decreasing blood pressure in patients with ATAs and ADHF. Furthermore, approximately 70% of the patients who were alive at discharge were in sinus rhythm, and these patients had a lower frequency of rehospitalization due to worsening HF during the mean 16-month follow-up.
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